The recent detection of pulsations from the ultra luminous X-ray source (ULX) NuSTAR J095551+6940.8 in M82 by Bachetti et al. indicates that the object is an accreting neutron star in a high mass X-ray binary (HMXB) system. The superEddington luminosity of the object implies that the magnetic field is sufficiently strong to suppress the scattering cross-section unless its beam is viewed at a favourable angle. We show that the torque equilibrium condition for the pulsar indicates the dipole magnetic field of the neutron star is ∼ 10 14 G, two orders of magnitude higher than that estimated by Bachetti et al., and further point to the possibility that even stronger magnetic fields could well be in the higher multipoles. This supports the recent view that magnetars descent from HMXBs.
INTRODUCTION
Ultra-luminous X-ray sources (ULXs) are accreting compact objects with luminosities exceeding the Eddington limit LE = 4πGM mpc/σT = 1.3×10
38 (M/M ) erg s −1 (M is the mass of the accreting object, mp is the mass of the proton, c is the speed of light, G is the gravitational constant and σT is the Thomson cross-section for scattering of photons from electrons) for a ∼ 10M object (see Roberts 2007 , for a review). They possibly form a heterogeneous family with sub-classes (Gladstone 2013) . Some of these objects reach luminosities 10 41 erg s −1 appropriate for M ∼ 10 3 M under the assumption of accretion at the Eddington limit. Such objects are puzzling as they can not form by stellar evolution and are dubbed intermediate mass black holes (Kong et al. 2004; Miller et al. 2004; Liu & Di Stefano 2008) . Alternatively, they are proposed to be stellar mass black holes accreting at rates slightly exceeding the Eddington limit (Gladstone et al. 2009 ) and appear to be super-Eddington due to anisotropic emission.
The recent identification (Bachetti et al. 2014 ) of NuS-TAR J09551+6940.8 in the nearby galaxy M82 with a neutron star accreting in a high mass X-ray binary (HMXB) challenged the view that all ULX harbour black holes. The luminosity of the object is 4 × 10 39 erg s −1 during pulsations and reaches 3.7 × 10 40 erg s −1 at the peak flux under the assumption of isotropic emission. As a neutron star can not have a mass exceeding ∼ 3.5M (Rhoades & Ruffini 1974) this super-Eddington luminosity is attributed by Bachetti et al. (2014) to fan beam geometry (Gnedin & Sunyaev 1973) viewed at a favorable angle. An alternative explanation could be that the magnetic field is so strong that the scattering cross-section reduces (Canuto et al. 1971) as is the case for magnetars (Paczynski 1992) . This explanation is not favored by (Bachetti et al. 2014) as they infer the magnetic dipole field of the neutron star to be B ∼ 10 12 G from the observed spin-up rate assuming accretion at the Eddington rate. This value for the magnetic field inferred by (Bachetti et al. 2014) is not correct because the torque for a system nearly in equilibrium is vanishingly small and leads to an underestimate of the magnetic field.
In this letter we show that the pulsar in NuSTAR J09551+6940.8 has a dipole magnetic field of B ∼ 10 14 G in excess of the quantum critical limit, Bc ≡ m 2 e c 3 / e = 4.4 × 10 13 G, and argue that it could have even stronger magnetic fields in the higher multipoles (Ekşi & Alpar 2003) . This leads to the reduction of the scattering cross section and increases the critical luminosity (Canuto et al. 1971) . This relates at least some of the ULXs with magnetars (Duncan & Thompson 1992; Thompson & Duncan 1996) . We discuss the implications of this in the context of debris discs around magnetars ( Ghosh & Lamb (1979b) for X-ray pulsars in Be/HMXBs of Small Magellanic Clouds (Klus et al. 2014 ) (SXPs) together with NuSTAR J09551+6940.8.
THE MAGNETIC FIELD OF NuSTAR J09551+6940.8 AND ITS CRITICAL LUMINOSITY
The X-ray luminosity due to accretion of matter onto a compact object is
where R is the radius of the neutron star impliesṀ = 0.535 × 10 20 g s −1 L40R6m −1 where L40 = L/10 40 erg s −1 , R6 = R/10 6 cm and m = M/1.4M . Normally, this much luminosity would not be able to accrete onto the star because of the radiation pressure. Yet, we assume the critical luminosity is increased beyond the Eddington limit by the suppressed scattering cross-section of the electrons in strong magnetic field. In the presence of high magnetic fields the Thomson and Compton cross sections for photons are reduced as
for Eγ/Ecyc 1 (Herold 1979) . Here θ is the angle between magnetic field and Poynting vector of photons, Ecyc is the cyclotron energy and Eγ is the energy of photons. The subscripts of cross sections indicate directions with respect to magnetic field. Paczynski (1992) showed how the Rosseland mean opacity will reduce depending on the angle between the magnetic fields and the radiation flux:
Here κT is the electron scattering opacity. Such a reduction of the opacity allows for luminosities higher than the Eddington limit.
The torque on the neutron star is N = IΩ = 6 × 10 35 I45 g cm 2 s −2 where I45 is the moment of inertia in units of 10 45 g cm 2 as inferred from the observed spinup ofṖ ∼ −2 × 10 −10 s s −1 (Bachetti et al. 2014) . As P/Ṗ ∼ 300 years the system should be near torque equilibrium so that the inner radius of the disc is close to the corotation radius Rc = (GM P 2 /4π 2 ) 1/3 . More specifically it will be Rin = ω 2/3 c Rc where ωc is the critical fastness parameter at which torque vanishes and is of order unity. The fastness parameter is defined as ω * = (Rin/Rc) 3/2 (Elsner & Lamb 1977). The measured period of the neutron star, P = 1.37 s, implies that the co-rotation radius is at Rc = 2.1 × 10 8 m 3/2 cm. The inner radius of the disc is thus at
Assuming the inner radius is determined by the Alfvén radius Rin = ξRA where
(6) (Davidson & Ostriker 1973) and ξ is dimensionless number of order unity (Ghosh & Lamb 1979a,b) we find the magnetic moment of the neutron star as µ = 1.17 × G.
This value is an order of magnitude larger than that found by Bachetti et al. (2014) who use the measured torque to estimate the magnetic field. For ξ = 0.5 favoured by Ghosh & Lamb (1979a) and for the peak luminosity LX 3.7 × 10 40 erg s −1 , the field is found to be even larger, B = 1.3 × 10 14 G, well in excess of the quantum critical limit Bc. The torque, however, is smaller than its nominal value N0 = √ GM RinṀ (Pringle & Rees 1972) as the system is near torque equilibrium and should not be used for estimating the magnetic moment in this case. The torque is given as
where n(ω * ) is the dimensionless torque (Ghosh & Lamb 1979a,b) . Assuming the system is near torque equilibrium and that any torque model near equilibrium would be of the form n = 1 − ω * /ωc we solve numerically the fastness parameter of the object to be 0.9 for ωc = 1 from the equations above. The above relations lead to
(9) (Ghosh & Lamb 1979b ) and this relation may be used as a diagnostic for understanding the accretion stage of NuS-TAR J09551+6940.8. Accordingly, Figure 1 shows NuSTAR J09551+6940.8 among X-ray pulsars in Be/HMXBs of the Small Magellanic Clouds (SXPs) (Klus et al. 2014 ) in a |Ṗ | versus LXP 7/3 digram. The ordinary position of NuSTAR J09551+6940.8 in the diagram also suggests that the object is indeed near torque equilibrium just like most of the SXPs.
The ULX NuSTAR J095551+6940.8: A magnetar in a HMXB 3
DISCUSSION AND CONCLUSION
We have found that the dipole magnetic field of the pulsar NuSTAR J09551+6940.8 is ∼ 10 14 G well in excess of the quantum critical magnetic field Bc. Such a super-strong field is sufficient to lead to a reduction of the scattering cross-section and increase the critical luminosity. It is possible that the object has even stronger magnetic fields in the higher multipoles leading to even more effective increase of the critical luminosity enabling luminosities as large as 10 3 LE. Such strong fields are reminiscent of the magnetars (Duncan & Thompson 1992) in our own galaxy which are envisaged as isolated objects (Thompson & Duncan 1996) . The presence of debris disc around magnetars formed by supernova fallback matter was suggested by Chatterjee et al. (2000) and (Alpar 2001) . Magnetic dipole fields of order 10 13 G interacting with the disc and stronger fields in the multipoles (Ekşi & Alpar 2003) causing the magnetar phenomena is consistent with all observations. Evidence for the presence of fallback discs were obtained for 4U 0142+614 (Wang et al. 2006; Ertan et al. 2007 ) and 1E 2259+586 (Kaplan et al. 2009 ). The recent evidence for the presence of a debris disc around the Vela pulsar (Danilenko et al. 2011; Özsükan et al. 2014) which is a nearby typical rotationally powered pulsar suggests the view that such discs could be ubiquitous though the interstellar absorption may preclude their detection. More recently, Bisnovatyi-Kogan & Ikhsanov (2014) suggested a scenario in which a magnetar evolves toward equilibrium periods by accretion from its binary companion before the supernova explosion of the companion. After the explosion the magnetar is left with a debris disc which keeps accreting for a further a few 10 3 years. This latter scenario in which magnetars descent from HMXBs is more interesting in the context of this paper where an ULX is identified as a magnetar in a HMXB.
At highest accretion rates the pulsar could be enshrouded and the pulsations could be smeared out by the optically thick surrounding medium. This may address the elusiveness of pulsations from other ULXs and may indicate to a larger population of neutron stars among ULXs. Accordingly, ULXs at their lowest luminosity stage are better targets for detecting pulsations.
